Introduction
The processes taking place within the foreshock, bow shock, and magnetosheath regions affect the inhomogeneous plasma and energy flow in contact with the outer boundary of the magnetosphere, the magnetopause. Magnetosheath high-speed jets (HSJs; e.g., Nemecek et al. [1998] ; Savin et al. [2008] ; Hietala et al. [2009] ) are some of the most prominent transient phenomena on the dayside: the jets are localized enhancements of dynamic pressure with typical scales of about one Earth radius (R E ) [e.g., Plaschke et al., 2016] , where the dynamic pressure can be increased up to a factor of 4 compared to the solar wind , and by a factor of 15 compared to the ambient magnetosheath [Archer and Horbury, 2013] . Statistical studies show that most subsolar HSJs occur during intervals of stable radial interplanetary magnetic field (IMF) Archer and Horbury, 2013] . HSJs are thus thought to be connected to the quasiparallel bow shock geometry and the ion foreshock processes. For such cases, Hietala et al. [2009] proposed a formation mechanism based on intrinsic quasi-parallel bow shock ripples [e.g., Schwartz and Burgess, 1991; Blanco-Cano et al., 2009] : Solar wind plasma entering the magnetosheath through locally inclined shock surfaces (at the ripples) will be less thermalized, i.e., faster than the ambient plasma, constituting the jets seen in the magnetosheath. Comparison of analytic modeling and HSJ statistics , as well as recent hybrid simulations [Karimabadi et al., 2014; Omidi et al., 2016; Hao et al., 2016] support this idea. A minority of jets appears to be formed due to IMF discontinuities [Lin et al., 1996a,b; Archer et al., 2012] . Plaschke et al. [2016] estimated that jets larger than 2 R E in diameter perpendicular to the flow impact the magnetopause many times per hour. When HSJs hit the magnetopause, they may cause large amplitude (∼ 1 R E deep) yet localized boundary indentations [Shue et al., 2009; Amata et al., 2011; Hietala et al., 2012; Dmitriev and Suvorova, 2012; Archer et al., 2012] . Their magnetospheric consequences include generating boundary surface waves, poloidal and compressional waves, and field-line resonances [Plaschke et al., 2009a; Archer et al., 2013a,b] , which may in turn affect radiation belt electrons [e.g., Elkington et al., 2003; Turner et al., 2012] .
Could HSJ impacts also affect local magnetopause reconnection? It is natural to expect that, since the jets may change the local conditions for reconnection at least in two ways: (i) Their high pressure impact may reduce the magnetopause current sheet thickness, hence triggering reconnection. (ii) They may change the shear angle between the magnetospheric and magnetosheath magnetic field lines, hence affecting the Δβ-shear relation [Swisdak et al., 2010; Phan et al., 2013] that predicts whether or not asymmetric reconnection is suppressed by diamagnetic drift. The change in magnetic shear can be due to the magnetic field orientation within the jets (i.e., on the magnetosheath side). It can also be due to the magnetopause indentation caused by the jet's dynamic pressure, -2-Confidential manuscript submitted to Geophysical Research Letters as the orientation of the magnetospheric field lines gets perturbed . Changes in the magnetic shear angle may turn reconnection on or off.
There are several pieces of evidence suggesting magnetopause reconnection in association with magnetosheath high-speed jets: observations of penetration of magnetosheath particles into the magnetosphere [Gunell et al., 2012 [Gunell et al., , 2014 Dmitriev and Suvorova, 2015] , and of ionospheric flows and particle precipitation during jet impacts [Hietala et al., 2012] . Recently, Han et al. [2017] found dayside diffuse aurora showing discrete north-south aligned arcs, which were associated with precipitating magnetosheath particles and open field lines (i.e., magnetopause reconnection), magnetopause indentations, and low IMF cone-angle conditions. They suggested that these 'throat aurorae' could be the auroral signatures of HSJ impacts causing magnetopause reconnection.
Here we present the first in situ observations suggesting that a magnetosheath jet triggered magnetopause reconnection. We consider a HSJ impact that was part of a series of jets observed by THEMIS [Angelopoulos, 2008] in a string-of-pearls configuration on August 7, 2007. While various magnetosheath fluctuations may change the Δβ-shear relation, we focus on the HSJs' ability to compress the magnetopause current layer: We consider a case where the pre-impact magnetopause, despite favorable Δβ and magnetic shear conditions, was too thick for reconnection to occur.
Data and Methods
We analyze magnetic field data from the Flux Gate Magnetometers (FGM; [Auster et al., 2008] ), plasma data from the Electrostatic Analyzers (ESA; [McFadden et al., 2008] ) and the Solid State Telescopes (SST; [Angelopoulos, 2008] ), and the electric field measurements from the Electric Field Instrument (EFI; [Bonnell et al., 2008] ). We reconstructed the 3D electric field using the assumption E · B = 0 for THC, D, and E. (EFI measurements were not available for THA and B this early in the mission.) The plasma data were calibrated using spacecraft potential estimates derived from the measured electron distributions. We combined the ESA and SST ion measurements to obtain a more complete energy coverage. We use the Geocentric Solar Magnetospheric (GSM) coordinate system.
For the analysis of each of the magnetopause crossings we use the hybrid minimum variance analysis (HMVA; Gosling and Phan [2013] ) to obtain the current sheet normal coordinates: The normal direction was determined from N = B 1 × B 2 /|B 1 × B 2 |, where B 1 and B 2 are the fields at the two edges of the current sheet. The M (approximately the X-line) direction is from L × N, where L is the maximum variance direction from the minimum variance of the magnetic field [Sonnerup and Cahill, 1967] . Finally, L = N × M. (HMVA method was used because MVA results were not good in terms of eigenvalue ratios and visual inspection.) We employed multi-spacecraft timing to the crossings of the magnetopause magnetospheric edge, the magnetosheath edge, and the point where the maximum variance component B L = 0. This gave us estimates of the current sheet normal velocities, which we also compared to the Faraday Residue method [Khrabrov and Sonnerup, 1998] . The values for each spacecraft and crossing are given in Table S1 of the Supplementary material.
Results

Event Overview
The event under investigation was part of a 2-hour interval on August 7, 2007. The interval had several HSJs, identified by requiring that the magnetosheath dynamic pressure P dyn,X = ρV 2 X exceeds half the solar wind dynamic pressure (similar to Plaschke et al. [2013] ). Some of the jets have been listed in Dmitriev and Suvorova [2015] , but none have -3-Confidential manuscript submitted to Geophysical Research Letters been previously examined for magnetic reconnection. During this 2-hour interval the solar wind speed was quite high, ∼ 600 km/s, while the density was ∼ 3 cm −3 . The IMF magnitude was ∼ 5 nT, but its orientation was not stable. Figure 1 shows an overview of the HSJ impact of interest at 22:58 UT. The OMNI IMF data is displayed in the top panel (time-shifted by 5 minutes to account for propagation from the bow shock to the magnetopause): the mean B X was ∼ 2.7 nT, the B Z was ∼ 2.4 nT (northward), and the B Y changed from close to zero to ∼ 1 nT (clock-angle ∼ 22 • ). The IMF cone-angle was ∼ 43 • (between 36 • and 55 • ), i.e., favorable for HSJ formation [e.g., Plaschke et al., 2013] .
The magnetosheath density was ∼ 14 cm −3 (Figure 1(c) ), with a corresponding ion inertial length of d i ∼ 61 km. The five THEMIS spacecraft were dawnwards of the subsolar point, at ∼ 10 h MLT (Figure 1(l,m) ). THB was the outermost probe and THA the innermost, with THC, D, and E in a cluster between them. The distance between THD and E was ∼ 0.19 R E ∼ 20 d i , and the distance between C and D a mere ∼ 0.07 R E ∼ 7.4 d i .
The event began by the magnetopause moving inwards past THB to a location slightly Earthwards of THE. In the magnetosheath THB observed a HSJ (Figure 1(b) ) with a density increase (Figure 1(c) ) and a large Earthward velocity (Figure 1(d) ). Closer to the magnetopause, THC observed a similar density increase (Figure 1(f) ), but not the enhanced flow (Figure 1(h) ). After the HSJ was observed, the magnetopause moved back out. As shown in detail in the following subsections, at the outbound crossing (before the HSJ was observed), there is no evidence for reconnection outflows at the four probes (e.g., Figure 1 (e,h,k)). At the inbound crossing (after the HSJ was observed), there were clear reconnection outflows of V Z ∼ −200 km/s (THB, C, D), suggesting that reconnection was triggered by the HSJ impact. Figure 2 shows the outbound magnetopause crossing for THB, C, and E, with the vector quantities shown in the HMVA coordinates of each spacecraft. (THD observations, which are similar to THC due to their small separation, are shown in Figure S1 of the Supplementary material.) To identify the magnetospheric edge of the magnetopause, we use the maximum of the normal electric field +E N for THC, D, and E ( Figure 2 (e); the magnetospheric Sunward-pointing Hall electric field dominates for asymmetric boundary conditions [e.g., Cassak and Fuselier, 2016; Phan et al., 2016] ). This +E N maximum also corresponds well to the end of counter-streaming 0.8-2 keV electrons (Figure 2(g) ). The same transition in electrons from closed to open field lines can be seen at THB. At THE the magnetopause appears to have moved slightly back-and-forth, resulting in two +E N maxima and a short reappearance of counter-streaming electrons.
Magnetopause Characteristics
Outbound Crossing
As the magnetopause was moving Earthward its normal was rather similar for all the probes-mainly in the X GSE direction with a negative Y GSE component. The magnetopause normal velocity v N was ∼ 35 km/s (determined by multi-spacecraft timing; see Section 2). Its thickness (crossing duration multiplied by v N ) was ∼ 60 − 70 d i . The magnetic shear was ∼ 160 • at THB, ∼ 150 • at THC and D, and ∼ 140 • at THE. Plasma beta was ∼ 0.1 in the magnetosphere and ∼ 1 − 10 in the magnetosheath (Figure 2(j) ).
There were no reconnection outflows (L direction) within the magnetopause layer (Figure 2(f) ). According to the Δβ-shear relation [Swisdak et al., 2010; Phan et al., 2013] , the magnetosheath β was not large enough to suppress reconnection. The (unlikely) scenario that the absence of outflows would be due to all four spacecraft being close to the X-line is excluded by two facts: (a) the magnetopause's large, tens of d i thickness; and (b) the lack of signatures of finite ion Larmor radius effects [Phan et al., 2016] -there is -4-Confidential manuscript submitted to Geophysical Research Letters no negative E N on the magnetospheric side of the magnetopause (Figure 2 (e)), nor an associated −V M flow (Figure 2 (f)). We conclude that despite the large magnetic shear, the magnetopause was probably too thick to reconnect. Figure 3 shows the inbound magnetopause crossing for THE, C, and B in the HMVA coordinates of each spacecraft. (THD observations, which are similar to THC due to their small separation, are shown in Figure S1 of the Supplementary material.) While for these crossings the positive maxima of the E N are located close to the region where B L = 0, the magnetospheric edge of the magnetopause can be identified by the sharp change in the B L component (Figure 3(d) ), which also coincides with the transition to counter-streaming electrons (Figure 3(g) ). (Note that THE spent less than 20 s in the magnetosheath.)
Inbound Crossing
The magnetopause normal was mainly in the −Y GSM direction when it crossed THE, D, and C, but at THB it had a more typical X GSM -dominated orientation (see also sketch in Figure 1 There is no clear reconnection outflow for THE (Figure 3(f) ). For THC and D, however, there is an outflow of ΔV L ∼ −110 km/s below the average magnetosheath flow (THC dotted line). At THB the reconnection outflow is even more clear, V L ∼ −260 km/s. This is 64 % of the asymmetric Alfvén speed [Cassak and Shay, 2007] 
∼ 404 km/s corresponding to the THB crossing-a rather typical fraction for magnetopause observations [e.g., Sonnerup et al., 1981; Paschmann et al., 1986; Gosling et al., 1990; Vines et al., 2015] .
Magnetosheath Jet Characteristics
THB observed the magnetosheath high-speed jet for ∼ 40 s, with a peak density of ∼ 26 cm −3 (Figure 1(c) ). The ion temperature inside the jet was isotropic, in contrast to the T i⊥ > T i | | ambient magnetosheath (Figure 2 (i)); this is common for HSJs [e.g., Plaschke et al., 2013] . The HSJ velocity was dominated by V N ∼ −300 km/s (towards the magnetopause) and V L ∼ −200 km/s, in both outbound and inbound THB HMVA coordinates (Figures 2(f) and 3(f)). The HSJ dynamic pressure along the magnetopause normal was P dyn, N ∼ 3 nPa, and its total pressure (thermal, magnetic, and dynamic) P tot, N ∼ 4.5 nPa compared to the ambient magnetosheath P tot,MSH, N ∼ 1.4 nPa (not shown).
Closer to Earth, THC observed a ∼ 15 s density increase to ∼ 22 cm −3 (Figure 1(f) ). However, at THC the ions were anisotropic (Figure 2(i) ), and there is no clear flow enhancement. In addition, there were no flow or density enhancements, or changes in ion temperature anisotropy, at THD or E. The exact reason is unclear, but it could be due to the HSJ braking as it meets the magnetopause, or the spacecraft being very near the edge of the jet. While the THEMIS string-of-pearls configuration does not allow us to estimate the HSJ flow-perpendicular size, the median near-magnetopause size of 0.93 R E [Plaschke et al., 2016] would correspond to ∼ 97 d i in our event. Figure 4 summarizes the inferred dynamics of the event in the LN-plane of the THE inbound HMVA coordinates. (In this plane, the blue arrow indicating the local magnetopause normal vector is vertical when the magnetopause moves Sunward across THE in the fourth panel.) Note that the sketch does not capture the 3D nature of the event. For instance, THB was separated by ∼ 60 d i in the M direction from the other spacecraft.
Event Dynamics
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At 22:56 UT, the magnetopause was moving Earthward over THB, and THC and D were located at its magnetospheric edge. This magnetopause inward motion does not appear to be driven by the HSJ studied here, since THB spent tens of seconds in the magnetosheath before it observed the jet. More likely it was due to surface waves excited by the previous HSJs during the preceding half an hour (as listed in Dmitriev and Suvorova [2015] ). The magnetopause motion seen here (∼ 1 R E ) is comparable to the typical amplitude of magnetopause oscillations (0.5 − 0.8 R E ; e.g., Song et al. [1988] ; Plaschke et al. [2009b] ).
Two minutes later, at 22:58 UT, the magnetopause had moved over THE, while THC and D were at its magnetosheath edge. THB began to observe the magnetosheath HSJ. At 22:58:30 UT, THE was at the magnetosheath edge of the magnetopause, THB stopped seeing the HSJ while THC observed the HSJ-like density increase.
We can estimate that at a speed of ∼ 250 km/s ∼ 4 d i /s towards the magnetopause, the HSJ would cover a distance of ∼ 120 d i in these 30 s (22:58:00-22:58:30). Therefore the jet had more than sufficient time to reach the magnetopause. The large increase in magnetosheath total pressure during the jet was likely sufficient to significantly compress the magnetopause boundary layer, at least momentarily, such that reconnection was be triggered. Given the jet's direction and expected first point of impact (Figure 4) , the X-point would form in the +L direction from the spacecraft, resulting in a −V L outflow.
At 22:59:10 UT the magnetopause was moving outwards again, THE was on its magnetospheric edge and THC and D observed a reconnection outflow in the −L direction. At 22:59:50 UT the magnetopause continued moving outwards across THB, which observed a fully formed reconnection outflow.
Discussion and Conclusions
We have examined THEMIS observations of a magnetosheath high-speed jet impact event, where the pre-impact magnetopause was thick (60 − 70 d i ), high shear (140 − 160 • ), and showed no signatures of magnetic reconnection. After the magnetosheath jet three spacecraft observed reconnection outflows within the magnetopause layer. Given that the magnetic shear did not change significantly from pre to post-impact magnetopause crossings, we think it is likely that reconnection was initiated by the jet's high dynamic pressure impact compressing the current layer (see scenario (i) in the Introduction). These observations constitute the first in situ evidence suggesting that HSJ impacts may trigger magnetopause reconnection.
OMNI solar wind data, propagated algorithmically from L1 to Earth, are commonly used to give context to magnetospheric dynamics, especially in statistical studies. There is naturally uncertainty related to propagation. For the event studies here, the OMNI IMF was northward during the impact while the magnetosheath magnetic field observed by THEMIS was southward (possibly due to magnetic draping; Figure 1(a,d,g,j) ). Therefore the magnetic shear at the magnetopause was actually favorable for reconnection. However, the pre-impact magnetopause thickness seems to have been too large for reconnection to start.
The magnetopause thickness during the (non-reconnecting, pre-impact) outbound crossing was 60-70 d i (∼ 4000 km), which is much thicker than usual (100-3000 km; e.g., Berchem and Russell [1982] ; ). The reason for this is unclear. It may be related to the effects of previous HSJ impacts during the half an hour leading to the impact studied here [Dmitriev and Suvorova, 2015] . It may also be related to heavy and/or cold magnetospheric ions: We can see signatures of oxygen (a band around 1 keV) in the ion spectrograms of THC and D before the outbound crossing ( Figure 2(c) ; distinguishable by their energy separation from the protons, e.g., Lee et al. [2012] ). While there are no signatures of cold ions at THB, C, D, or E, they are present at the innermost probe -6-Confidential manuscript submitted to Geophysical Research Letters THA (∼ 2 R E Earthwards from THE), evidenced by the rise and fall in their peak energy as the flow velocity increases-then-decreases (not shown).
It is interesting that there is no evident reconnection outflow at THE, although the shape of the V L curve is somewhat similar to THC (Figure 3(f) ). Given that the magnetic shear at THE location was only ∼ 100 • , reconnection may be suppressed by diamagnetic drift according to the Δβ-shear relation and the observed boundary conditions [Swisdak et al., 2010; Phan et al., 2013] . The absence of outflow could also be related to the transient nature of the reconnection onset being triggered, or be a 3D effect.
The high occurrence rate of HSJ impacts suggests that by triggering bursts of magnetopause reconnection, the jets could make a significant contribution to the production of new open magnetic flux, especially during otherwise 'quiet' quasi-radial IMF conditions. Furthermore, localized, transient reconnection driven by the HSJs could at least modulate the global reconnection rate even if on average it may remain dictated by the upstream IMF. Future studies that address reconnection in association with magnetosheath jets in a systematic manner are required to determine how often it occurs. Due to the impacts reconnection could be either turned on or off, or stay unaffected; therefore, a statistical approach should be applied to quantify the overall effects for the solar wind-magnetosphere coupling. In addition, (global) kinetic simulations would help shed light on the details of the magnetopause reconnection initiated by the magnetosheath jets. 
